Abstract: Monday Creek of the Hocking River has a 300 km 2 drainage basin in southeastern Ohio, and since the middle of the 19th century, extensive portions of the watershed have been subjected to underground and surface coal mining. A recent survey of the watershed has identified over 4,300 point sources of acid mine drainage which have rendered a number of stream reaches within the watershed sterile and unable to support diverse, aquatic life. In 2003, Dr. Stiles developed a model of those aspects of water quality related to Acid Mine Drainage (AMD) for the watershed using the TAMDL computer program developed at West Virginia University. The computer program TAMDL was designed to model stream water quality in watersheds affected by AMD and its treatment by simulating the evolution of stream pH, net acidity, and the concentrations of aluminum, iron, and manganese. The Monday Creek TAMDL model was then employed by the authors to develop a cost effective strategy for the treatment of AMD in the watershed. Since the close of this project, several passive and active treatment systems have been installed in the Monday Creek watershed. The objective of this new project was to recalibrate the TAMDL model created in 2003 for the new conditions in the watershed and use this recalibrated model to design a revised cost effective treatment strategy to bring the water quality conditions from their current level up to the remediation target conditions. The remediation target conditions for the Monday Creek watershed were those minimum and maximum pH levels and maximum aluminum and iron concentrations that would allow aquatic life to be reestablished in the main stem.
Introduction
In 2003, the West Virginia Water Research Institute at West Virginia University designed an Acid Mine Drainage (AMD) treatment strategy for the Monday Creek, Ohio watershed using the Total Acid Mine Drainage Loading computer program (TAMDL). The computer program TAMDL was designed to simulate the evolution of stream water quality in watersheds affected by AMD and its treatment. The watershed's TAMDL model and the remediation endpoints for the main stem were used to calculate the level of treatment required in each Monday Creek subwatershed affected by AMD. The level of required AMD treatment was employed to design passive and active AMD treatment systems for each affected sub-watershed (Ziemkiewicz, Stiles, and Kessinger, 2004) .
Since the completion of the original Monday Creek project (Stiles and Ziemkiewicz, 2003) and (Ziemkiewicz, Stiles, and Kessinger, 2004) , some active and passive AMD treatment systems have been constructed in the Monday Creek watershed. Some of these treatment systems were constructed to the specifications outlined in the final report of the earlier project.
Other constructed systems were designed using water quality data collected since the completion of the earlier project.
Objectives
The objectives of the current research were to:
1. Recalibrate the Monday Creek TAMDL model with the constructed AMD treatment systems and the additional water quality data collected since the previous project.
2. Use the recalibrated TAMDL model to design two treatment scenarios for the watershed to achieve the treatment goals outlined by the previous project (Ziemkiewicz, Stiles, and Kessinger, 2004) .
3. Recommend one of the two treatment scenarios based upon cost.
Methodology

TAMDL
The Total Acid Mine Drainage Loading computer program (TAMDL) was designed to simulate the evolution of stream water quality in watersheds affected by AMD and its treatment.
TAMDL solves the following partial differential equation for the one-dimensional transport of a water quality constituent in a stream for each of the simulated constituents, except for proton activity (Ziemkiewicz, Stiles, and Kessinger, 2004) . Because the hydrodynamic dispersion and mean stream velocity must remain uniform throughout the computational domain, the watershed must be divided into small sub-watersheds before using the computer program. The spatial coordinate, x, proceeds from the head of the sub-watershed and follows the stream channel to the mouth.
Equation (1) is solved for each sub-watershed in the model for all of the simulated water quality constituents except for proton activity. Proton activity is calculated from the net acidity, total acidity minus total alkalinity, using a net acidity-pH constitutive relationship. Table 1 entitled 'off-line' was added to indicate the date that those systems were intentionally withdrawn from service. The locations of the sub-watersheds listed in Table 1 are shown in Fig. 1 .
AMD Treatment
Pebble quicklime dosers operate from on-site hydraulic power and add a fixed amount of calcium oxide to each volume of water that passes through the system. Therefore, the calcium oxide dosage rate can be expressed in with units of concentration, mg/L of CaO. Aquafix is a manufacturer of pebble quicklime dosers that have been used extensively in West Virginia and Ohio (Skousen and Jenkins, 1993) . Adding 0.56 kg of CaO to the stream adds an amount of alkalinity equivalent to 1.0 kg of CaCO 3 (Skousen, Hilton, and Faulkner, 1996) . In order to have a simulation period during the period when the major AMD treatment systems were operation, it was decided to set up the calibration simulations to run from Table 2 . Inspection of the observed data set during the calibration process resulted in the observation of several pH readings above 8.0 where the observed net acidity indicated near neutral conditions. These data points were removed from the calibration data set, but the investigators While no model can ever be said to be completely calibrated, the results shown in this report indicated that the model was adequately calibrated to be permit the formulation of AMD treatment strategies for the Monday Creek watershed.
Development of AMD Treatment Strategies
Treatment Goals. Table 3 lists the treatment goals for the Monday Creek main stem that were determined by the Ohio Department of Natural Resources (ODNR) (Stiles and Ziemkiewicz, 2003) . To achieve the treatment goals for the watershed, the 5 th percentile of pH in the main stem should be greater than 6.75, the 95 th percentile of the aluminum concentrations should be less than 0.72 mg/L, and the 95 th percentile of the Fe concentrations should be less than 1.09 mg/L. The remediation endpoints were applied to that portion of the main stem below river km 31.4. Table 5 . With the except of the doser in the Lost Run sub-watershed, all of these dosers are to be operated at the same CaO dosage rate as the current Jobs Hollow doser is being operated. The CaO dosage rate for the Lost Run doser will need to be 100.8 mg/L.
The dosage rates and doser locations were selected to meet the treatment goals with the lowest capital and O&M cost. Table 6 . The dosage rates and doser locations in Table 6 were selected so as to meet the treatment goals with the minimum capital and O&M cost.
The design parameters for the passive treatment systems of this alternative are listed in Table 7 and 8. The LLB and OLC passive treatment systems designs, listed in Table 7 , employed a treatment factor of 50%. The alkalinity released by the SLB systems, listed in Table 8 , was assumed to be 500 mg/L CaCO 3 equivalents. The specifications of the passive treatment systems in Tables 7 and 8 were taken from the passive treatment systems designs prepared for the 2003 project (Stiles and Ziemkiewicz, 2003) . As with the other alternative, the main stem Al concentration was the limiting factor in determining the treatment loads from the treatment systems. 
Results
Cost for Treatment Alternative 1 Table 9 is a list of the cost assumptions for both Treatment Alternative 1 and Treatment Alternative 2. Table 11 shows the results of the cost calculations for the pebble quicklime dosers in the Treatment Alternative 2. The capital and O&M costs for these dosers were calculated in the same manner as the dosers in Treatment Alternative 1. Table 12 shows the design and cost calculations for the Limestone Leach Bed (LLB) systems in Treatment Alternative 2. These calculations assume that the O&M cost of the passive treatment systems is equal to the rebuilding of the systems every twenty years (Stiles and Ziemkiewicz, 2010) . 
Conclusion
This project recalibrated the Monday Creek TAMDL model that was designed by the previous project for simulating the transport and reaction of those water quality constituents related to AMD within the Monday Creek watershed (Stiles and Ziemkiewicz, 2003 ). This recalibrated model was used to devise two treatment strategies for raising the quality of the Monday Creek main stem up to the remediation standards established by ODNR (Stiles and Ziemkiewicz, 2003) . The first treatment strategy consists of using pebble quicklime dosing for selected sub-watersheds to raise the alkalinity of and precipitate metals from the streams flowing into the main stem. The second treatment strategy employed pebble quicklime dosing in fewer sub-watersheds along with LLB, OLC, and SLB passive treatment systems. While an interest rate of 0% was not realistic for commercial activity, the State and Federal agencies in charge of the remediation of the Monday Creek watershed can obtain funds for the remediation at a zero interest rate. On the basis of cost alone, Alternative 1 was the superior choice. However, there are aspects to watershed remediation that were beyond the scope of this project.
